Termite mounds have recently been confirmed to mitigate approximately half of termite 21 methane (CH4) emissions, but the aerobic methane-oxidizing bacteria (methanotrophs) 22 responsible for this consumption have not been resolved. Here we describe the 23 abundance, composition, and kinetics of the methanotroph communities in the mounds 24 of three distinct termite species. We show that methanotrophs are rare members of the 25 termite mound biosphere and have a comparable abundance, but distinct composition, to 26 those of adjoining soil samples. Across all mounds, the most abundant and prevalent 27 particulate methane monooxygenase sequences detected were affiliated with Upland Soil 28
Introduction 44
Termites are mound-building eusocial insects that live in colonies throughout the tropics 45 and subtropics. These organisms completely degrade lignocellulose in a process 46 primarily mediated by anaerobic symbiotic microorganisms in their hindgut [1] . During this 47 process, hydrogenotrophic methanogens produce substantial amounts of methane (CH4) 48 that is emitted from the termite into the atmosphere [2] [3] [4] . Production rates vary by three 49 to four orders of magnitude depending on the termite species and their dietary 50 preferences (i.e. wood-, grass-, soil-or fungus-feeding) [1, 4, 5] . Current models suggest 51 that termites are responsible for between 1 to 3 % of global CH4 emissions to the 52 atmosphere [6] . 53
Aerobic methane-oxidizing bacteria (methanotrophs) significantly mitigate emissions of 54 CH4 from termites [7] . Methanotrophs gain carbon and energy by oxidising CH4 to carbon 55 dioxide, with the first step in this reaction being catalysed by particulate and soluble 56 methane-monooxygenases [8] . It is controversial whether termite hindguts harbor such 57 organisms; while Methylocystis spp. were recently isolated from termites [9] , other studies 58 could not detect methanotroph functional gene markers or measurable amounts of 14 CO2 59 during 14 CH4 incubation experiments [10] . We also observed that the addition of inhibitors 60 of CH4 oxidation did not increase direct termite CH4 emissions [7] . However, many termite 61 colonies construct large mounds built from soil material or build their nest in soil, which is 62 generally a sink for atmospheric CH4 [11] . While results from incubation experiments of 63 mound material were conflicting [12] [13] [14] , we recently presented clear evidence of 64 widespread CH4 oxidation in North Australian termite mounds [7]: results from three 65 different in situ methods to measure CH4 oxidation in mounds confirmed that 66 methanotrophs mitigate between 20 to 80 % of termite-derived CH4 before emission to 67 the atmosphere. However, the community composition and kinetic behaviour of the 68 methanotrophs responsible remain largely unknown. 69
Compared to soils, methanotrophs inhabiting termite mounds have received little 70 attention. Ho et al. [14] investigated mound material of the African fungus-feeding termite 71
Macrotermes falciger using a pmoA-based diagnostic microarray approach. Community 72 composition differed between mound and soil, and at some locations within the large 73 compartmentalised mounds. Slurry incubations confirmed potential CH4 oxidation at high 74 and low CH4 concentrations. The mound community was reportedly dominated by 75 gammaproteobacterial methanotrophs of the JR3 cluster, while the functional gene of the 76 soluble methane-monooxygenase could not be detected, nor could methanotrophs of the 77 Verrucomicrobia and Methylomirabilota (NC10) phyla. Beside this pioneering work, the 78 mound methanotroph communities of no other termite species has been investigated. 79
However, large differences might exist between termite species and particularly their 80 dietary preferences, as well as the mounds' impressive variety of sizes, shapes and 81 internal structures [15, 16] . Reflecting this, in situ studies have shown that there is a large 82 variation in methanotroph activity in mounds both within and between species; for 83 example, Tumulitermes pastinator mounds appear to be largely inactive and still a high 84 fraction of termite-derived CH4 can be oxidised in soil beneath mounds, due to facilitation 85 of CH4 transport within the mound [7] . It remains unclear whether differences in 86 methanotroph community abundance or composition account for these activity 87
differences. 88
In this work, we aimed to resolve these discrepancies by conducting a comprehensive 89 analysis of the composition and kinetics of the methanotroph communities within termite 90 mounds of Australian termite species. Three mound-building termite species were 91 selected, the wood-feeding Microcerotermes nervosus (Mn), soil-interface-feeding 92
Macrognathotermes sunteri (Ms), and grass-feeding Tumulitermes pastinator (Tp), which 93 represent the three main feeding groups present in Australia [17] . Mounds of these 94 species were previously confirmed to oxidise a high fraction of termite-produced CH4 [7] . 95
We used the pmoA gene, encoding a subunit of the particulate methane monooxygenase 96 present in most methanotrophs [18] , as a molecular marker to study the abundance, 97 diversity, and composition of the methanotrophs within 17 mounds and a subset of 98 adjoining soils. In parallel, we performed in situ studies using gas push-pull tests (GPPTs) 99 to derive the kinetic parameters of CH4 oxidation. We demonstrate that methanotrophic 100 communities in the core and periphery of termite mounds are compositionally and 101 kinetically distinct from those of surrounding soil, and primarily comprise methanotrophs 102 affiliated with the Upland Soil Cluster α (USCα) with an apparent medium affinity for CH4. 103
Field sites and sampling 105
Field tests and sampling were performed in April and May 2016 in a coastal savanna 106 woodland on the campus of Charles Darwin University in Darwin, Northern Territory, 107
Australia (12.370° S, 130.867° E). The site is described in detail in Nauer et al. [7] . For 108 this study, 29 mounds were first subject to in situ methane kinetic measurements using 109 gas push-pull tests (described below). For further investigations following field 110 measurements, we selected 17 termite mounds of an appropriate size for processing in 111 the laboratory (initially 18, but one was damaged during transport and had to be 112 discarded). These mounds were first excavated but kept intact to measure internal 113 structure, volume, densities, and porosities as previously described [19] . They were then 114 deconstructed to (i) sample termites for species identification, (ii) collect mound material 115 for gravimetric water content measurements, and (iii) collect mound material for molecular 116 analyses of methanotrophic community. For species determination, soldiers were 117 individually picked and stored in pure ethanol for species confirmation as previously 118 described [19] . For gravimetric water content measurements, approximately 200 g of 119 mound material from both core and periphery locations were subsampled and oven dried 120 at 105 °C for >72 hours; subsamples were measured before and after drying and the 121 water content calculated based on mass loss. Subsamples for physicochemical 122 parameters were oven-dried at 60 °C for 72 h, carefully homogenised into a composite 123 sample for each termite species and location, and sent to an external laboratory for 124 analyses according to standard protocols (CSBP laboratories, Bibra Lake WA, Australia). 125
For community analysis, mound and soil material was collected under sterile conditions 126 using bleach-and heat-sterilised spatulas, and immediately stored in autoclaved 2 mL 127 centrifuge tubes at -20 °C. For each sampling location (mound core and periphery, soil 128 beneath and surrounding the mound), we collected triplicates of pooled materials deriving 129 from three different spots. Mound cores were sampled from within 20 to 30 cm from the 130 approximate centroid of mound, whereas mound periphery was collected from the outer 131 beneath the mound immediately after mound excavation, and from the surrounding soil 133 within a 1-2 m radius from the mound. Each sample was analyzed in triplicate, and a total of three assays were required for each 168 gene to include all the samples. Amplification efficiencies calculated from the slopes of 169 calibration curves were >70% and R 2 values were >0.98. 170
Methanotroph community analysis 171
The structure of the methanotroph community within each sample was inferred from 172 amplicon sequencing of community pmoA genes. DNA extracts of all samples were sent 173 to the Australian Genome Research Facility (AGRF; Brisbane, QLD) for preparation of 174 pmoA gene amplicon libraries using the above primer sets (A189f and mb661) and 175 thermal conditions. Subsequent amplicon sequencing was performed on a MiSeq DNA-176 sequencing platform using a 600-cycle MiSeq Reagent Kit v3 (Illumina, San Diego, CA). 177
Sequencing yielded 5,594,739 paired end sequences, of which 3,078,335 passed quality 178 checks and data processing, and were used for subsequent analyses. Sequence read-179 counts spanned three orders of magnitude (10 5 to 10 2 ), with 54% of the samples 180 exhibiting read counts above the average read-count value (>65K) and most mound 181 periphery samples having read-counts below 10K. Six samples with read-counts below 182 1K and were excluded from subsequent analyses. Sequencing data was processed 183 according to our previously published pipeline [26], with minor modifications. Briefly, 184 reads were 3'-trimmed to remove ambiguous or low-quality endings, then merged and 185 primer-site trimmed. Quality filters included an amplicon-size selection (471 nt) and the 186 removal of amplicons containing stop codons (e.g., TAA, TAG, TGA OTUs in relation to reference pmoA sequences were assessed as previously described 193
[26]. The phylogenetic tree of protein-derived pmoA sequences was constructed using 194 the maximum-likelihood method and the LG empirical amino acid substitution model, 195
which showed the lowest Akaike information criterion (AIC) during substitution model 196 testing, and was bootstrapped using 100 bootstrap replicates. All sequences affiliated 197 with methanotrophs and no pxmA or amoA sequences were detected. Plymouth, United Kingdom). Negative binomial models were performed on the non-211 rarefied OTU dataset to assess the differential abundance of bacterial OTUs between 212 sample groups, and the false discovery rate approach was used to account for multiple 213 testing. 214
Gas push-pull tests 215
The gas push-pull test was used to estimate in situ activity coefficients as described 216 previously [19, 31] . Michaelis-Menten parameters estimated from in situ methods are 217 integrated measures across a large mass of substrate and are thus better suited to 218 characterise the kinetic potential of whole microbial communities in heterogeneous 219 systems than laboratory microcosms, which suffer from inevitable sampling bias [32] . In 220 (Ar) was injected at a rate of ~0.5 L min -1 into the lower center of the termite mounds and 222 then immediately extracted from the same location at the same flow rate. During 223 extraction, the injected gas mixture was gradually diluted with termite-mound air down to 224 background levels; the tracer Ar accounted for this dilution due to its similar transport 225 behavior to CH4. A timeseries of CH4 and Ar concentrations was collected during the 24 226 min injection phase, and the 36 min extraction phase. Concentrations of CH4 were 227 measured quasi-continuously (frequency of 1 Hz) using a field-portable spectrometer 228 (Fast Greenhouse Gas Analyser Los Gatos Research, Mountain View, CA). For Ar, 229 discrete samples were collected at fixed intervals during injection (n = 3) and extraction 230 (n = 10-12), as well as prior to injection to determine background levels. Argon 231 concentrations were analysed on a customised gas chromatography system (SRI 8610, 232 SRI Instruments, Torrance, CA) with an external thermal conductivity detector (TCD; VICI 233
Valco Instruments Co., Houston, TX). To improve separation of Ar, oxygen was removed 234 from the sample-gas stream prior to separation with a manually packed Pd-Al catalyst 235 column [19, 33] . 236
Kinetic analysis 237
First-order rate coefficients of CH4 oxidation (activity coefficient k) were estimated from 238 parameters were reported. Cell-specific activities and rates were calculated from reaction 251 rates based on total mound dry mass, divided by pmoA copy numbers and assuming two 252 gene copies of pmoA per cell. Correlations between kinetic parameters (k, Km, Vmax), gene 253 abundance (pmoA and16S), and physical mound parameters (mound porosities, volume, 254 water content) were tested for significance using linear regression, after transformations 255 (sqrt for kinetic parameters, log for gene abundances) and removal of outliers as indicated 256 by diagnostic plots (qq-and Cook's distance). 257 Quantitative PCR was used to estimate the abundance of the methanotroph community 261 (pmoA copy number) and total bacterial community (16S gene copy number) in each 262 mound and soil sample. Bacterial abundance was consistently high (av. 2.7 × 10 10 16S 263 copy numbers per gram of dry soil; range 2.5 × 10 8 to 3.4 × 10 11 ) and did not significantly 264 differ between sample locations (Fig. 1b & Fig. S1) ; an earlier study found higher 265 microbial biomass in the mound compared to soil [37], but this may reflect different 266 methodologies applied to each substrate. In contrast, pmoA copy number was relatively 267 low across the samples (av. 1.5 × 10 6 copies per gram of dry sample material; range: 2.0 268 × 10 4 to 1.8 × 10 7 ) and just 0.0076% that of 16S copy number (range: 0.00018% to 269 0.048%) (Figure 1a) . Such values are comparable to those previously reported for the 270 abundance of pmoA genes in upland soils that mediate atmospheric CH4 oxidation (~10 6 271 copy number, ~0.01% relative abundance [38]). 272 Some differences in methanotroph abundance were observed between sample locations 273 and termite species. Overall, pmoA copy number was 3.5-fold higher in mound core and 274 1.5-fold higher in soil beneath than in surrounding soil, though differences were below the 275 threshold of significance (Fig. S1) . In contrast, pmoA copy numbers were significantly 276 lower in mound periphery samples of all species (p = 0.028) ( Fig. S1 ) and in mound 277 samples of T. pastinator compared to the other two species tested (p = 0.028) (Fig. S2) ; 278 the latter observation is in line with the finding that CH4 oxidation occurs at low rates in T. 279 positively correlated with the porosity of the mound material, with periphery samples 281 showing a stronger dependence (R 2 = 0.49, p = 0.0051) than core (R 2 = 0.26, p = 0.035); 282 this suggests that denser mound material, as found in mound periphery and T. pastinator 283 mounds, limits methanotroph abundance [19] . These differences may also reflect the 284 relatively harsh conditions in the mound periphery, with its strong fluctuations of 285 temperature and water content, compared to the core with termite-engineered 286 homeostasis [39, 40] . Other physical parameters did not correlate with pmoA or 16S copy 287 numbers. 288
Results and Discussion

Termite mound methanotroph communities are compositionally distinct from 289 those of associated soils 290
The composition and diversity of the methanotroph community in each sample was 291 inferred through amplicon sequencing of the pmoA gene. Across the samples, 25 OTUs 292 were detected (Figure 2) . Observed and estimated richness of these OTUs was higher 293 in soil samples compared to mound samples (av. Chao1 of 9.0 for mound core, 5.9 for 294 mound periphery, 12.3 for soil samples; p < 0.001) (Figure 1c) ; however, these 295 differences were driven primarily by rare OTUs in soil samples, with Shannon and inverse 296
Simpson indices similar between samples ( Figure S3 ). Beta diversity of the samples was 297 analysed by weighted Unifrac and visualised on an nMDS ordination plot (Figure 3a) . 298 PERMANOVA analysis confirmed communities significantly differed between sample 299 locations (p = 0.001) and termite species (p = 0.022). With respect to sample location, 300 communities within mound core and periphery samples were similar and were 301 compositionally distinct from soil communities; in addition, methanotroph communities in 302 soils beneath mounds were more similar to those within mounds than those in soils 303 surrounding mounds. This confirms previous inferences that mound and soil communities 304 are different and shaped by termite activity [14] . In addition, core and peripheral mound 305 communities significantly clustered by termite species, while soil samples did not; mound 306 communities of M. nervosus and T. pastinator were more closely related than those of M. 307 sunteri (Figure 3a) . 308 sequences from a curated pmoA gene database [29] . Phylogenetic analysis indicates that 310 all OTUs were affiliated with proteobacterial methanotroph sequences (Figure 2) . Across 311 all samples, over 80% of the sequences were affiliated with USCα, a recently cultivated 312 lineage of alphaproteobacterial methanotrophs known to mediate atmospheric CH4 313 oxidation [41, 42] (Figure 2 & Figure 3b ). The second most dominant taxonomic groups 314 were affiliated with the alphaproteobacterial lineages Methylocystis in mound samples 315 (<10% relative abundance) and the gammaproteobacterial lineage TUSC in soil samples 316 (<10% relative abundance). There was a large proportion of shared taxa across the 317 samples, with the three most abundant OTUs (USCα-affiliated) present in all samples, 318 regardless of type (mound vs soil), location and termite species (Figure 3b ). However, 319 differential abundance analysis supported the observed differences between sample type 320 and termite species observed by Unifrac analysis (Figure 3a) . Overall, USCα and 321
Methylocystis OTUs were more abundant in mound core, mound periphery, and soils 322 beneath, whereas TUSC OTUs were more abundant in surrounding soils. Significant 323 differential abundance was also observed for certain OTUs between termite species 324 ( Figure 3b) . 325
It should be noted that community composition of the mounds from the three Australian 326 termite species strikingly differs from those of the African fungus-growing termite 327
Macrotermes falciger [14] . These African mounds were dominated by the Jasper Ridge 3 328 cluster (JR3), a gammaproteobacterial methanotroph lineage closely related to USCγ, 329 which was not detected in the Australian mounds (Figure 2) . These differences may 330 reflect the distinct habitat specificity of USCγ and USCα methanotrophs. USCα often 331 occurs in acidic to neutral upland soils ([43], reviewed in [18]), which match the pH values 332 of 5 measured in the mounds of this study (Table S1 ). In contrast, USCγ and associates 333 lineages are commonly found in upland soils of neutral to basic pH [44, 45] , which 334 corresponds well to pH values of 7 to 8 in Macrotermes falciger mounds [14] . 335
Methanotroph communities are kinetically adapted to elevated CH 4 concentrations 336
We determined the kinetics of CH4 oxidation in the mounds by performing in situ GPPTs. 337
Methane oxidation rate was high across the 29 mounds from all three species 338 best fitted a Michaelis-Menten model for 18 mounds and a linear model for 11 mounds 340 based on AIC values (Figure 4a) . For the former group of mounds, apparent Michaelis-341
Menten coefficients (Km, Vmax) were calculated. Estimated Km values for the 18 mounds 342 ranged from 0.32 to 47 µmol (L air) -1 , and Vmax from 8.4 to 280 µmol (L air) -1 h -1 . These 343 parameters did not significantly differ between termite species. The overall mean values 344
for Km and Vmax were 17.5 ± 3.5 µmol (L air) -1 and 78.3 ± 17 µmol (L air) -1 h -1 , respectively 345 (standard error of the mean); such values were close to the optimal parameters when 346 fitting a Michaelis-Menten model to combined GPPT data (excluding mounds with linear 347 behavior): Km = 13.2 ± 3.5 µmol (L air) -1 and Vmax = 55.4 ± 8.5 µmol (L air) -1 h -1 ( Figure  348   4a and 4b) . Thus, the methanotroph communities within termite mounds have an 349 apparent medium (µM) affinity for CH4. The apparent Km is approximately one to two 350 orders of magnitude higher than high-affinity (nM) uptake observed in upland soils [46-351 48], but one to two orders of magnitude lower than the low-affinity (mM) uptake measured 352 in landfill-cover soils [49] . Similar Michaelis-Menten values were estimated from GPPTs 353 in the vadose zone above a contaminated aquifer (~1 to 40 µL L -1 ), which featured CH4 354 concentrations in a similar range to termite mounds [35] . 355
It is noteworthy that 11 mounds showed an apparent linear increase of reaction rates with 356 substrate concentrations (Figure 4a ). This could indicate that Vmax has not been reached 357
during GPPTs with a maximum injected CH4 concentration of ~900 µL L -1 (~40 µM); 358 indeed, the injection concentration is in the range of our highest Km, thus the capacity of 359 some mounds to oxidise CH4 can be substantially higher. A linear increase could also 360 indicate a shift in kinetics during the course of the GPPT. It is in the nature of the GPPT 361 that different areas of the mound are exposed to different concentration ranges, 362
depending on their distance to the gas injection/extraction point [34] . Hence, gas 363 extracted at different times may have had a "history" of exposure to methanotroph 364 communities with different kinetics. It is even conceivable that the 1 h long exposure to 365 high injection concentrations around the injection/extraction point triggered the 366 upregulation of a low-affinity methane monooxygenase isozyme, such as those reported 367
in Methylocystis sp. SC2 [50] . 368 and abundance of the methanotroph communities were correlated. While a range of 370 positive correlations were observed, the most robustly supported was the relationship 371 between the first-order activity coefficient k and termite mound core pmoA copy number 372 (R 2 = 0.44, p = 0.007) (Figure 4c) . In contrast, correlations with pmoA copy number in 373 periphery and soils were not significant. These observations are in line with previous 374
inferences that mound cores are primarily responsible for CH4 oxidation in M. nervosus 375 and M. sunteri mounds [7]. On this basis, cell-specific CH4 reaction rates calculated based 376 on methanotroph abundance of the mound core ranged from 1.8 x 10 -17 to 1.3 x 10 -14 mol 377 CH4 cell -1 h -1 , one to two orders of magnitude higher than observed in upland soils [38] . 378
Though differences between species were not significant, highest cell-specific rates were 379 calculated for T. pastinator, with some values close to a value determined from a landfill-380 cover biofilter [51] . This would imply that these methanotroph communities operate close 381
to their maximum potential of CH4 oxidation. However, it is likely that values for T. 382
pastinator are an overestimate given previous studies indicate that most CH4 for this 383 species is oxidised in the soil beneath rather than mound itself [7]; thus, for this species 384
but not the two others tested, core pmoA numbers underestimate the active methanotroph 385 community involved in mitigating termite CH4 emissions. 386
Conclusions and perspectives 387
Overall, our results imply that local environmental concentrations of CH4 shape the 388 composition and kinetics of the methanotroph community. Elevated CH4 production from 389 termites appears to have selected for a specialised medium-affinity methanotroph 390 community within mounds. The community analysis shows that the methanotroph 391 communities within termite mounds are related to, and likely derived from, those of 392 adjoining soils. However, elevated CH4 availability and termite activity have facilitated 393 selection for USCα and Methylocystis OTUs, together with exclusion of TUSC OTUs, 394 compared to adjoining soil. These methanotroph communities, with high cell-specific 395 reaction rates and medium affinities for CH4, are thus ideally kinetically adapted to grow 396 on termite-derived CH4 and in turn reduce atmospheric emissions of this greenhouse gas. 397
Concordant findings were made across three different species, with the strongest 398 observed for M. nervosus and M. sunteri mounds. 400
However, the apparent kinetic parameters of methane oxidation in termite mounds are 401 atypical of the dominant groups of methanotrophs present. It is probable that USCα 402 mediates most methane oxidation in mounds, given their abundance and prevalence in 403 the mound core methanotroph communities, as well as the high cell-specific rates of 404 methane oxidation measured. However, USCα are typically high-affinity methanotrophs 405 associated with the oxidation of CH4 at atmospheric concentrations in upland soils. There high-affinity methanotrophs (2 -100 ppmv). Methylocystis-like OTUs, as the second most 417 abundant group, are likely to be particularly competitive at high CH4 concentrations. 418
Members of this group encode kinetically distinct methane monooxygenase isozymes [50] 419
and have been identified in other soils with elevated methane concentrations [22] . They 420 would therefore have a competitive advantage in termite mounds where CH4 availability 421 is elevated and exhibits considerable temporal and spatial variation. 422
However, despite elevated substrate availability, methanotrophs remain minor members 423 of microbial communities in termite mounds. While they are moderately enriched in 424 mound core than adjoining soil overall, they are actually diminished relative to soil in both 425 the mound core of T. pastinator and the periphery of all three species. The observed 426 strong correlation of methanotroph abundance with the porosity of the mound material for 427 all species strengthens the case for habitat porosity as a crucial factor in regulating the 428 Another factor driving low methanotroph abundance could be the accumulation of 430 ammonia, which is known to be produced in high levels by termites [53] ; it is known that 431 ammonia competitively inhibits methane monooxygenase activity [54, 55] and ammonia 432 levels are major environmental factors regulating methanotroph community in soils [56, 433 57]. However, while we detected high ammonia concentrations in some mounds ( Table  434 S1), this did not correlate with interspecies differences in methanotroph abundance. It is 435 also possible that the methanotrophs are limited by other factors, such as the 436 micronutrients required for methane monooxygenase activity. Ultimately, given 437 methanotrophs remain minor members of the termite mound community, they are only 438 able to mitigate a proportion of the large amounts of methane produced by mound-439 dwelling termites. 440 
